










4O  DATE  THE  MOST  SUCCESSFUL  APPROACHES  TO  NANOSCALE 
MANIPULATION HAVE BEEN BASED ON ELECTRON BEAM LITHOGRAPHY 
;=  AND  SCANNING  PROBE  MICROSCOPY  ;  =  5NFORTUNATELY 
THESE METHODS ARE RELATIVELY EXPENSIVE SERIAL IN NATURE AND 
ARE NOT  READILY APPLICABLE  TO  THE MASS PRODUCTION OF NANO
ENGINEERED  MATERIALS  4HE  ABILITY  TO  REPRODUCIBLY  PRODUCE 
ORDERED  NANOSTRUCTURES  ON  A  LARGER  SCALE  BY  INEXPENSIVE 
CHEMICAL METHODS IS THEREFORE OF GREAT PRACTICAL IMPORTANCE 




FOR  CONSTRUCTING ORDERED NANOPARTICULATE  SUPERSTRUCTURES  IS 
BY DROPCAST SELFASSEMBLY WHEREBY A COLLOIDAL SUSPENSION OF 
STERICALLY STABILIZED NANOPARTICLES IS INTRODUCED AT A SUBSTRATE 
SURFACE  AND  THE  CARRIER MEDIUM ALLOWED  TO  EVAPORATE  IN  A 
CONTROLLED  FASHION  &OR  PARTICLES  WITH  A  SUF½CIENTLY  NARROW 
MONOMODAL  SIZE  DISTRIBUTION  WELLDE½NED  PACKING  ORDER 
TENDS  TO  DEVELOP  IN  MONOLAYER  ½LMS  ;=  /NE  OF  THE 
MOST  COMMONLY  USED  NANOMATERIALS  BEING  EXPLOITED  FOR 
THIS  PARTICULAR  PURPOSE  ARE  ALKANETHIOL  PROTECTED  GOLD 
NANOPARTICLES ; =
!N  IMPORTANT  FACTOR  WHICH  HAS  RECEIVED  RELATIVELY  SCANT 
ATTENTION TO DATE IS THE THERMAL STABILITY OF SUCH SELFASSEMBLED 
NANOPARTICULATE  MATERIALS  4HIOLDERIVATISED  !U  CLUSTERS  ARE 
KNOWN  TO  BE  STABLE  IN  TOLUENE  FOR  PERIODS  OF MANY  YEARS 
(OWEVER WHEN THE SOLVENT IS EVAPORATED OFF AND THE PARTICLES 
ARE CRYSTALLIZED ONTO A SUBSTRATE THE STRUCTURAL STABILITY OF THE 
PARTICLES  CAN  BE  DELIBERATELY  COMPROMISED  &OR  INSTANCE 
SUBJECTING THE PARTICLES TO INTENSE ELECTRON BEAM IRRADIATION 
IN THE 4%- CAN BE SUF½CIENT TO DISRUPT THE PROTECTIVE ALKANE
THIOL  COATING  ;=  /NCE  THIS  HAS  OCCURRED  IT  BECOMES 
ENERGETICALLY  FAVORABLE  FOR  THE  !U  PARTICLES  TO  REDUCE  THEIR 
SURFACE  ENERGY  BY  SINTERING  !LTERNATIVELY  NANOSTRUCTURE 
DESTABILIZATION MAY UNEXPECTEDLY OCCUR DUE TO VARIATIONS IN 
AMBIENT  ENVIRONMENTAL  STORAGE  CONDITIONS  EG  ELEVATED 
TEMPERATURE  OR  EXPOSURE  TO  SOLVENT  VAPORS	  WHICH  MAY 
POTENTIALLY DISTURB THE PROTECTIVE LIGAND ENVIRONMENT THAT ARE 
SEPARATING  NEIGHBORING  NANOPARTICLES  4HE  DESTABILIZATION 
AND SINTERING OF THESE SELFASSEMBLED STRUCTURES CAN THEREFORE 
BE  CONSIDERED  AS  A  DESIRABLE  OR  AN  ADVERSE  PHENOMENON 
DEPENDING ON THE PARTICULAR CIRCUMSTANCES  )N MANY CASES 































































































200 Mean: 4.8 nm
Median: 4.9 nm























DEVICE  SINTERING  WILL  BE  A  DESTRUCTIVE  NUISANCE  )N  OTHER 
SITUATIONS  WHERE  IT  MAY  BE  BENE½CIAL  TO  DELIBERATELY 
DESTABILIZE THE SELFASSEMBLED PARTICLES TO FORM FEATURES SUCH 
AS  NANOWIRES  MULTILAYER  STACKS  OR  COMPLEX  NANOPATTERNS 
SINTERING CAN BE CONSIDERED AS A CONTROLLABLE PROCESSING STEP 
IN  A  NANOMANUFACTURING  PROCESS  ;  =  "EING  ABLE  TO 
CONTROL  BOTH  THESE  SCENARIOS  DEPENDS  ON  DEVELOPING  A 
BASIC UNDERSTANDING OF THE WAY IN WHICH NANOPARTICLES HELD 
IN SUCH CLOSE PROXIMITY WILL SINTER UNDER A RANGE OF PROCESSING 
OR  STORAGE  CONDITIONS  )N  THIS  PAPER  WE  REPORT  SOME 






TRANSMISSION  ELECTRON  MICROSCOPE  AND  ESTIMATED  THE 
NANOPARTICLE MELTING POINT  FROM THE  TEMPERATURE AT WHICH 
ELECTRON  DIFFRACTION  RINGS  AND  HENCE  CRYSTALLINE  STRUCTURE 
DISAPPEARED 4HIS PIONEERING WORK LED TO SIGNI½CANT ACTIVITY 
IN  STUDYING  THE  THERMODYNAMICS  OF  MELTING  OF  BARE 
NANOPARTICLES  ;=  !  NUMBER  OF  SUBSEQUENT  INSITU 
TRANSMISSION ELECTRON MICROSCOPY STUDIES HAVE ALSO SHED LIGHT 
OF  THE  STRUCTURAL  STABILITY  ;  =  EVAPORATION  ;=  AND 
COALESCENCE  ;  =  CHARACTERISTICS  OF  RANDOMLY  ARRANGED 
BARE !U NANOPARTICLES  ON  CARBON (/0'  AND  SILICA  SUPPORT 
½LMS 4HESE COALESCENCE STUDIES IN PARTICULAR HAVE SPAWNED 
A  NUMBER  OF  PAPERS  ;=  WHERE  MOLECULAR  DYNAMICS 




INTO  TWODIMENSIONAL  ARRAYS  7E  HAVE  THEN  STUDIED  THEIR 
DESTABILIZATION AND SINTERING BEHAVIOR AS A FUNCTION OF PARTICLE 
SIZE AND HEATING RATE ! SIZE REGIME IS ALSO IDENTI½ED WHERE 
NANOPARTICLES  HAVE  A  PROPENSITY  TO  SINTER  SPONTANEOUSLY 
UNDER DRY AMBIENT CONDITIONS AT ROOM TEMPERATURE 
 %XPERIMENTAL 





TO  CON½RM  THAT  OUR  TARGET  AVERAGE  PARTICLE  SIZE  HAD  BEEN 
PRODUCED  SEE  &IGURE  	  )N  ADDITION  A  SOLUTION  OF  NM 
DIAMETER  !U  NANOPARTICLES  WERE  PREPARED  IN  WATER  BY  AN 
ACRYLATE  REDUCTION  METHOD  DEVELOPED  AT  THE  5NIVERSITY  OF 
,IVERPOOL ;= 
3I.  MEMBRANES  WERE  USED  AS  ELECTRON  TRANSPARENT 
SUPPORTS FOR THE NANOPARTICLES SINCE IN SINTERING EXPERIMENTS 
THEY  GAVE  MORE  EASILY  INTERPRETABLE  RESULTS  THAN  THOSE 
SUPPORTED ON CONVENTIONAL CARBON THIN ½LMS &OR THE  LATTER 
TYPE  OF  MEMBRANES  THERE  ARE  STRONG  SECONDARY  6AN  DER 
7AALS  TYPE  INTERACTIONS  BETWEEN  THE  ROUGH  AMORPHOUS  # 







IN  EITHER  A  0HILIPS  4  4%- OPERATING  AT  K6 OR  A  *%/, 
&8 4%- OPERATING AT K6 ! NUMBER OF NANOPARTICLE 
SINTERING METHODS WERE EXPLORED DURING  THE  COURSE OF  THIS 
WORK  INCLUDING  EXSITU  FURNACE  HEATING  EXSITU  PLASMA 
HEATING  INSITU  ELECTRON  BEAM  IRRADIATION  AND  INSITU 
CONDUCTIVE HEATING  IN  A  0HILIPS  ANNULAR  4%- HEATING  STAGE 





IN  OUR  EXPERIMENTS  SOME  THERMOGRAVIMETRIC  ANALYSIS  4'!	 
MEASUREMENTS  WERE  CARRIED  OUT  ON  A  SERIES  OF  DRIED  !U 
NANOPARTICLES OF VARIOUS SIZES TO DETERMINE THE TEMPERATURE 
AT  WHICH  LIGAND  DESTABILIZATION  OCCURRED    &IGURE    SHOWS 





























MORE  SIGNI½CANT AND SHARP WEIGHT  LOSS  ABOUT  FOR  THE 
NM PREPARATION	 IN THE RANGE # THAT CORRESPONDS 
TO  THE CLEAN DESORPTION OF  THE PROTECTIVE  LIGANDS AS DITHIOL 
ENTITIES 4HIS DESORPTION BEHAVIOR IS CONSISTENT WITH PREVIOUS 
4'! STUDIES ;= WHERE MAXIMAL LIGAND LOSS WAS NOTED AT 
^#  CLOSE  TO  THE  BOILING  RANGE  #	  OF  NEAT 
DODECANETHIOL  4HE  NM  PARTICLES  ON  THE  OTHER  HAND 
SHOWED  A  SLOW  GRADUAL  WEIGHT  LOSS  OVER  THE  ENTIRE 
#  TEMPERATURE  RANGE  WHICH  CORRESPONDS  TO  A 
MUCH  MORE  GRADUAL  DESORPTION  OF  THE  PROTECTIVE  SODIUM 
ACRYLATE  GROUPS  (ENCE  WE  CAN  BE  CON½DENT  THAT  OUR  !U 
NANOPARTICLES  UP  TO  NM  IN  DIAMETER  ARE  CLEAN  IF  HEATED 






IE  SOME  LARGER  PARTICLES  GROW  AT  THE  EXPENSE  OF  SMALLER 
ONES	 &IGURE B	 SHOWS AN IMAGE OF THE  NM SAMPLE AFTER 
^ MINUTES OF SINTERING AT   # IN THE ANNULAR 4%- 
HEATING  STAGE  #LEARLY  THE MEAN  AND MEDIAN  PARTICLE  SIZE 
INCREASED  TO  ^  NM  WHILE  THE  TOTAL  NUMBER  OF  PARTICLES 
DRAMATICALLY  DECREASED  4HE  CORRESPONDING  PARTICLE  SIZE 
DISTRIBUTIONS  ARE  SHOWN  IN  &IGURE  C	  AND  D	  RESPECTIVELY 











































BECOME MORE  'AUSSIAN  IN  CHARACTER  BECAUSE  OF  THE MORE 
RAPID SINTERING OF THE VERY SMALLEST PARTICLES AS COMPARED TO 
THE LARGER ONES DUE TO THEIR GREATER MELTING POINT DEPRESSION 
AS  DISCUSSED  LATER	  3IMILAR  COARSENING  BEHAVIOR  WAS  ALSO 
OBSERVED FOR THE    AND  NM NANOPARTICLE SAMPLES ON 
3I. MEMBRANES 
&OR  THE  LARGER  PARTICLES  WITH  A  NOMINAL  SIZE  OF    NM 






NANOPARTICLE  AGGLOMERATE  AND  A  DECREASE  IN  PORE  SIZE 
DENSI½CATION	  WITH  A  SMALL  AMOUNT  OF  CONCURRENT  GRAIN 
GROWTH  AS  SEEN  IN  &IGURE  B	  WAS  TYPICAL  IN  THIS  SAMPLE 
FOLLOWING BOTH INSITU AND EXSITU SINTERING 
4HE  DENSI½CATION  BEHAVIOR  FOR  THE    NM  CASE MAY  BE 
RELATED TO THE CONTINUED PRESENCE AT THE SINTERING TEMPERATURE 
OF THE ACRYLATE LIGANDS WHICH ARE MORE STRONGLY BOUND TO THE 
GOLD  SURFACE  "Y WAY OF  CONTRAST  THE         AND   NM 
PARTICLES WHICH ALL COARSENED WERE CAPPED WITH ALKANETHIOL 
LIGANDS  WHICH  OUR  4'!  ANALYSES  &IGURE  	  CON½RM  TO  BE 
VOLATILE  AT  THE  SINTERING  TEMPERATURE  !NOTHER  FACT  THAT 
SHOULD BE CONSIDERED IS THAT THE RATIO OF THE PARTICLE RADIUS 
2  TO  PARTICLE  SEPARATION  3  ARE  ALSO  VARYING  SIGNI½CANTLY 
IE   23  	 IN THE COMPLETE SET OF SAMPLES EXAMINED )N 
THE REGIME WHERE 2 AND 3 ARE COMPARABLE IE 23  	 IT MAY 
BE  DIF½CULT  TO  GET  ENOUGH  INTER  PARTICLE¯PARTICLE  CONTACT 
TO  ALLOW  DENSI½CATION  TO  PROCEED  &URTHER  SYSTEMATIC 
EXPERIMENTS  ARE  CURRENTLY  UNDERWAY  IN  WHICH  WE  ARE 
ATTEMPTING TO SEPARATE THE EFFECTS OF RESIDUAL STRONGLY BOUND 
LIGANDS AND THE 23 RATIO ON THE SINTERING MODE OBSERVED




BEAM  ON  THE  NANOPARTICLE  RAFT  4HE  CONDENSED  BEAM 
SUPPLYING  A  CURRENT  DENSITY  OF  P!NM  WAS  HELD  FOR 
 MINUTE AFTER WHICH THE BEAM  INTENSITY WAS DECREASED TO 
NORMAL  LEVEL  AND  AN  IMAGE  RECORDED  4HIS  PROCESS  WAS 
REPEATED  IN  ORDER  TO  BUILD  UP  A  TIMESEQUENCE  OF  IMAGES 




4%-  HEATING  STAGE  HOWEVER  ONLY  WITHIN  THE  LOCAL  REGION 
AFFECTED BY THE HIGH INTENSITY BEAM 4HIS SIMILARITY IN SINTERING 
BEHAVIOR IS REASONABLE IF ONE CONSIDERS THE LIKELY INTERACTIONS 
OF  THE HIGH  INCIDENT  ELECTRONS WITH  THE NANOPARTICLE  ARRAYS 
SUPPORTED ON A 3I. MEMBRANE 4HE NANOPARTICLES ARE NOT 
IN PARTICULARLY GOOD THERMAL CONTACT WITH 3I. MEMBRANE OR 
EACH  OTHER  HENCE  THEIR  TEMPERATURE  IS  LIKELY  TO  INCREASE 
SIGNI½CANTLY  BY  PHONON  EXCITATION  DURING  ELECTRON  BEAM 
IRRADIATION ALTHOUGH IT IS VERY DIF½CULT TO MEASURE OR ESTIMATE 
THE  PRECISE  TEMPERATURE  REACHED  4HE  GOLD  CORES  WILL  NOT 
SUFFER  SIGNI½CANT  KNOCKON  DAMAGE  UNDER  OUR  ILLUMINATION 
CONDITIONS BUT IT IS HIGHLY PROBABLE THAT THE LIGANDS WILL SUFFER 
SOME  RADIOLYSIS  DAMAGE  WHICH  WOULD  CONTRIBUTE  TO  CHAIN 
SCISSION AND EVENTUAL LIGAND DESORPTION
!N  ADVANTAGE  OF  THE  ELECTRON  BEAM  IRRADIATION  HEATING 


















ZONE  #ONSIDERABLE  NANOPARTICLE  MOBILITY  WAS  OBSERVED  IN 
SUCH SEQUENCES PARTICULARLY IN THE EARLY STAGES OF THE PROCESS 
WHERE THE PARTICLE MASS WAS LOWEST 
&IGURE   SHOWS A PLOT OF MEAN PARTICLE  SIZE VERSUS  TIME 
DERIVED FROM AN IRRADIATED REGION INITIALLY HAVING ABOUT  
PARTICLES  OF  ^NM  MEAN  SIZE  #OARSENING  PROGRESSED  TO 
REACH A MAXIMUM PROJECTED MEAN DIAMETER OF  NM AFTER 
 MINUTES OF INSITU SINTERING AND THEN DECREASED IN MEAN 




/CCASIONALLY  SOME PARTICLES  IN  THE  IMAGES  EG  SEE  THE 














GRAINS  DURING  SINTERING  4HESE  ARE  THOUGHT  TO  BE  A  SMALL 
POPULATION OF PARTICLES WHICH ARE LOCATED ON THE REVERSE SIDE 
OF  THE  SUPPORT ½LM  THAT HAVE  RELATIVELY  FEW NEIGHBORS WITH 
WHICH TO INTERACT
&IGURE  SHOWS A TIME SEQUENCE OF  IMAGES SHOWING THE 





)T  IS  ALSO  CLEAR  PARTICULARLY  IN  &IGS  C	  AND  D	  THAT 
RECRYSTALLIZATION  AND  GRAIN  GROWTH  PHENOMENA  ARE  ALSO 
OCCURRING DURING DENSI½CATION
%XSITU SINTERING WAS PERFORMED BY PLACING THE MEMBRANE
NANOPARTICLE  SAMPLE  MOUNTED  IN  A  4%-  SPECIMEN  HOLDER 
INTO  AN /	!R PLASMA  FOR  TWO MINUTES  3AMPLES WERE 
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UP  TO  FORM  INTERLACED  RODTYPE  STRUCTURES  )NTERESTINGLY  THE 
DIAMETER OF THE RODS IS RELATIVELY UNIFORM AT ABOUT NM AND 
THE  STRUCTURES  SHOW  RELATIVELY  LITTLE  BRANCHING  )T  IS  ALSO 
APPARENT  THAT  THE  !U  SEEMS  TO  BE  WETTING  THE  3I. 
SUBSTRATE  SURFACE  &IGURE  B	  SHOWS  THAT  WHEN  THE  NM 
STARTING  MATERIAL  IS  RAPIDLY  PLASMA  SINTERED  IN  THE  SAME 
MANNER THE RESULTING STRUCTURE IS MUCH MORE CONNECTED AND 
WEBLIKE WITH A  TYPICAL ½BER  THICKNESS OF ABOUT NM 4HE 
RAPIDTHERMAL  SINTERING  OF  NANOPARTICLE  ARRAYS  AND  LINES  ON 
3I. IS BEING INVESTIGATED FURTHER AS AN EF½CIENT METHOD FOR 
THE FABRICATION OF NANOPATTERNS AND NANOWIRES
4HE  EFFECT  OF  RAPID  THERMAL  SINTERING  IN  PROMOTING  AN 
INTERCONNECTED STRUCTURE CAN BE QUALITATIVELY UNDERSTOOD BY 




FOR  DENSI½CATION  IS  SIGNI½CANTLY  GREATER  THAN  THAT  FOR 
COARSENING WHICH IS CONSISTENT WITH THE MEASURED VALUES FOR 
GRAIN BOUNDARY AND SURFACE DIFFUSION  IN GOLD	  THEN A RAPID 
HEAT  UP  TO  A  HIGH  ENOUGH  TEMPERATURE  SUCH  AS  THAT 
ENCOURAGED  BY  PLASMA  HEATING  WILL  PROMOTE  CONDITIONS 
FAVORABLE FOR DENSI½CATION RELATIVE TO COARSENING
#LASSIC  EXPERIMENTS  BY  "UFFAT  AND  "OREL  ;= 
DEMONSTRATED THAT THE MELTING TEMPERATURE OF !U PARTICLES 
DECREASES DRAMATICALLY AS THE PARTICLE SIZE DECREASES BELOW 
  NM  4HE  STRONG  DEPENDENCE  OF  !U MELTING  POINT  WITH 







































BUT  SAMPLES  WITH  AN  INITIAL  MEAN  PARTICLE  SIZE  LARGER  THAN 
 NM EXHIBITED NO  CHANGE  IN  SIZE OR  AREAL  PARTICLE  DENSITY 
OVER    DAYS  4HE    NM  SAMPLE  SHOWED  A  VERY  SLIGHT 
DECREASE IN AREAL PARTICLE DENSITY BUT NO SIGNI½CANT CHANGE IN 
MEAN  PARTICLE  SIZE  4HAT  THESE  OBSERVATIONS  WERE  DUE  TO 
SPONTANEOUS  ROOMTEMPERATURE  SINTERING  AND  NOT  BY 
INTERACTION WITH THE ELECTRON BEAM WAS EVIDENCED BY THE FACT 
THAT  ALL  AREAS  OF  EACH  SAMPLE  SHOWED  THE  SAME  STAGE  OF 
EVOLUTION OVER TIME  !NOTHER INTERESTING FEATURE THAT CAN BE 
DEDUCED  FROM  4ABLE    IS  THAT  IN  THOSE  SAMPLES  WHICH  DO 
EXHIBIT  ROOM TEMPERATURE  SINTERING PARTICLE GROWTH CEASES 
AT AROUND NM IN DIAMETER 4HIS IS PRESUMABLY BECAUSE THE 
MELTING POINT OF  THE PARTICLE HAS NOW  INCREASED  TO A POINT 
WHERE SURFACE DIFFUSION HAS BECOME INSUF½CIENT TO MAINTAIN 
























































!VERAGE 0ARTICLE  3TARTING  3AMPLE  %ND !REAL  !VERAGE 0ARTICLE 
3IZE AT 3TART  !REAL $ENSITY  !GE  $ENSITY  3IZE AT %ND
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THAT  ARRAYS  OF  SMALLER  !U  PARTICLES    NM	  EXHIBIT  A 
FUNDAMENTALLY DIFFERENT SINTERING BEHAVIOR ON 3I. SUBSTRATES 
AS  COMPARED  TO  LARGER  NM  PARTICLES  IE  COARSENING  AS 
COMPARED TO DENSI½CATION	 4HIS DIFFERENCE MAY BE DUE TO A 
COMBINATION  OF MORE  STRONGLY  BOUND  LIGANDS  AND  A  LARGER 





RESULTING  IN  HIGHLY  INTERCONNECTED  STRINGLIKE  STRUCTURES 
7E ½ND ALSO THAT !U NANOPARTICLES BELOW  NM IN DIAMETER 
CAN  SPONTANEOUSLY  SINTER  IN  THE  DRIED  OUT  STATE  AT  ROOM 
TEMPERATURE  OVER  EXTENDED  TIME  PERIODS  PROBABLY  AS  A 
CONSEQUENCE  OF  LIGAND DESTABILIZATION  AND  THEIR  DEPRESSED 
MELTING POINTS 4HIS ROOM TEMPERATURE SINTERING PHENOMENA 
CEASES  HOWEVER  WHEN  THE  PARTICLE  HAS  GROWN  TO  A  SIZE  OF 
ABOUT  NM  SUGGESTING  THAT  THE  SIZEDEPENDANT  MELTING 
POINT OF THE MATERIAL IS AN IMPORTANT FACTOR TO CONSIDER IN THIS 
PROCESS  4HIS  PHENOMENON  ALTHOUGH  SPECI½C  TO  3I. 
SUPPORTS AT PRESENT COULD HAVE FAR REACHING CONSEQUENCES 
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